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Abstract 
Phosphorylation of ADP and hydrolysis of ATP by isolated mitochondria from Ehrlich ascites tumour cells is greatly reduced when 
the mitochondria have been preloaded with Ca 2÷ (50 nmol/mg protein or more). Translocation of ADP is diminished in Ca2+-loaded 
mitochondria. However, ATPase in toluene-permeabilized mitochondria nd in inside-out submitochondrial particles is also strongly 
inhibited by micromolar concentrations of Ca 2+, indicating that, independently of adenine nucleotide transport, F1Fo-ATPase is also 
affected. ATP hydrolysis by submitochondrial particles depleted of the inhibitory subunit of F1Fo-ATPase (the Pullman-Monroy protein 
inhibitor) is insensitive to Ca2+; however, this sensitivity is restored when the particles are supplemented with the inhibitory subunit 
isolated from beef heart mitochondria. In view of the previous observations that glucose elicits in Ehrlich ascites tumour cells an increase 
of cytoplasmic free Ca 2÷ (Teplova, V.V., Bogucka, K., Czy~,, A., Evtodienko, Yu.V., Duszyfiski, J. and Wojtczak, L. (1993) Biochem. 
Biophys. Res. Commun. 196, 1148-1154) and that this calcium is then taken up by mitochondria, resulting in a strong inhibition of 
coupled respiration (Evtodienko, Yu.V., Teplova, V.V., Duszyfiski, J., Bogucka, K. and Wojtczak, L. (1994) Cell Calcium 15, 439-446), 
the present results are discussed in terms of the mechanism of the Crabtree ffect in tumour cells. 
Keywords: Calcium; ATPase, F lEo-; Inhibitory protein; Adenine nucleotide translocase; Crabtree ffect; (Ehrlich ascites tumor) 
I. Introduction 
One of the characteristic features of tumour and some 
other fast growing or highly glycolytic cells is a decrease 
of their respiration in the presence of physiological con- 
centrations of glucose, a phenomenon known as the Crab- 
tree effect [1-5]. We have shown recently [6,7] that glu- 
cose or deoxyglucose elicits in Ehrlich ascites tumour cells 
an increase of cytoplasmic free Ca 2÷, deriving primarily 
from intracellular Ca stores and lasting for several minutes. 
We have subsequently demonstrated [8] that under such 
conditions, i.e., when the level of free Ca 2+ exceeds the 
value of 300 nM, calcium is rapidly taken up by mito- 
chondria, resulting in a strong inhibition of coupled respi- 
ration. We have therefore concluded that the Crabtree 
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effect is, at least partly, due to inhibition of mitochondrial 
energy coupling processes by Ca 24. 
It has long been observed [9-13] that mitochondria 
from Ehrlich ascites cells and some other tumours can 
accumulate large quantities of Ca 2÷ without undergoing 
drastic increase of the unspecific permeability of their 
inner membrane, so characteristic for mitochondria from 
most normal tissues and described as the permeability 
transition [14]. Nevertheless, accumulated Ca 2÷ elicits in 
tumour mitochondria changes which are, however, sharply 
different from those appearing in mitochondria from most 
non-malignant tissues under similar conditions. Instead of 
producing uncoupling of oxidative phosphorylation, Ca z+ 
accumulation i tumour mitochondria results in inhibition 
of coupled respiration, manifested by suppression of State 
3 respiration, but not of State 4 or of uncoupled respira- 
tion, inhibition of ADP phosphorylation [9-12,15] and 
insensitivity of the membrane potential to addition of ADP 
[8]. Symptoms of that kind could be produced by inhibition 
of either adenine nucleotide translocase or Fj F o complex. 
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In the present study we confirm the regulatory role of 
micromolar Ca 2÷ concentration on the function of F~F o- 
ATPase in Ehrlich ascites mitochondria nd demonstrate 
that its mechanism is based on increasing the association 
of the natural inhibitory subunit with the Fj Fo complex. 
We also show that in liver mitochondria much higher 
Ca 2÷ concentrations are required to exert a comparable 
effect. This explains the high sensitivity towards Ca 2÷ of 
both ATP hydrolysis and ATP synthesis and, conse- 
quently, of the coupled respiration in Ehrlich ascites tu- 
mour mitochondria. Together with the previous observa- 
tion [6,7] that glucose elicits an increase of cytoplasmic 
Ca 2÷ in Ehrlich ascites cells, the present finding strength- 
ens the basis for our proposal [8] that calcium constitutes a 
link in the mechanism of the Crabtree ffect. 
2. Materials and methods 
Ehrlich ascites cells, cultivated in the peritoneal cavity 
of white BALB/c or Swiss albino mice, were harvested 
7-9 days after transplantation, washed twice and resus- 
pended in Hanks' minimal essential medium buffered with 
Hepes at pH 7.4. Mitochondria were isolated from the cells 
pretreated with digitonin according to Moreadith and 
Fiskum [16] as described previously [17], except hat the 
medium did not contain glucose. Permeabilization f mito- 
chondria was obtained by shaking with toluene according 
to Thomas and Denton [18], except that poly(ethylene 
glycol) was omitted. 
Rat liver mitochondria were obtained by a standard 
differential centrifugation method [19]. 
Submitochondrial particles from Ehrlich ascites tumour 
and rat liver were obtained by sonication of the mito- 
chondria (4 × 30 s) in 125 mM KCI + 10 mM Tris-HCl 
(pH 7.5). The particles depleted of the ATPase inhibitory 
subunit were prepared by a modified combination of the 
procedures described by Racker and Horstman [20] and 
Klein et al. [21]. In brief, mitochondria were sonicated 
(4X30 s) in 240 mM KCI, 75 mM sucrose, 10 mM 
K2SO4, 2 mM EDTA and 30 mM Tris-HCl (pH 9.2) and 
centrifuged at 10000 X g for 15 min and the supernatant 
was left for 30 min at 0°C. Thereafter, this supernatant was 
centrifuged at 150000 X g for 40 min, the pellet was 
suspended in small volume (about 1 ml) of the same 
medium and passed through a Sephadex G-50 column 
equilibrated with the same solution. The turbid effluent 
running in the void volume of the column was diluted with 
the same solution without EDTA and centrifuged at 
150000 x g for 40 min. To remove remaining EDTA, the 
pellet was suspended in 250 mM sucrose and sedimented 
by centrifugation asbefore. The final pellet was suspended 
in 250 mM sucrose + 5 mM Tris-HCl (pH 7.4). 
Freshly prepared submitochondrial particles, in particu- 
lar those from Ehrlich ascites tumour, exhibited a high 
NADH oxidase activity insensitive to cyanide and rotenone 
which interfered in spectrophotometric measurements of 
the ATPase activity in ATP-regenerating system. This 
activity, which was presumably due to contamination by 
plasma membrane fragments [22], declined within hours. 
Therefore, as a routine procedure, the particles were pre- 
pared in the afternoon, stored overnight at 0-2°C and used 
for ATPase assays the next morning when their cyanide-in- 
sensitive NADH oxidase became negligible. 
The inhibitory subunit of F1-ATPase [23] was isolated 
from beef heart mitochondria according to Horstman and 
Racker [24] and used without further purification. 
Rebinding of the inhibitory protein to the depleted 
particles was achieved by incubating the particles with 
beef heart inhibitory subunit for 20 min at room tempera- 
ture in 250 mM sucrose, 0.5 mM MgCI e and 10 mM 
Tris-HC1 (pH 6.6) [21,24]. The content of submito- 
chondrial particles was about 1 mg protein/ml and the 
crude preparation of the inhibitory protein was added in 
such an amount as to obtain about 50% inhibition in the 
absence of Ca 2+. 
Translocation of [14C]ADP was measured at 0°C in the 
'forward direction' using the inhibitor-stop method with 
carboxyatractyloside [25]. Mitochondria, about 2 mg pro- 
tein/ml, were incubated for 5 min at room temperature in 
100 mM KCI, 4 mM Pi, 20 mM Tris-HCl (pH 7.4), 5 mM 
succinate, oligomycin 0.5 /zg/ml and other additions as 
indicated. Thereafter, the mixture was cooled down to 0°C 
and the translocation was started by addition of cold 
[14C]ADP to final concentration of about 0.1 mM and 
radioactivity of about 25 000 dpm/ml. After desired time, 
aliquots of 1.0 ml were quenched by addition of carboxya- 
tractyloside to final concentration f about 10 /zM, diluted 
with 5 ml of ice-cold 250 mM sucrose and centrifuged for 
10 min at 15 000 X g. The pellets were washed once with 
250 mM sucrose, solubilized in 0.2 ml concentrated formic 
acid and counted for radioactivity. The results were cor- 
rected for a blank to which carboxyatractyloside wasadded 
before [14C]ADP. 
ATPase activity was determined either by measuring 
H + release with a glass electrode in a low-buffer medium 
[26] or by spectrophotometrically fo lowing oxidation of 
NADH [27] in the ATP-regenerating system [28]. To pre- 
vent interference from changes of the turbidity of mito- 
chondrial suspensions, NADH oxidation was measured in 
dual wavelength system (Shimadzu Model UV-3000 spec- 
trophotometer) at 340 versus 400 nm using the absorbance 
coefficient of 5.6 mM 1 cm 1 (determined experimen- 
tally). 
Ca 2 +-EGTA buffers were prepared according to Fabiato 
and Fabiato [29]. 
Pyruvate kinase (EC 2.7.1.40), lactate dehydrogenase 
(EC 1.1.1.27), phosphoeno lpyruvate ,  ADP and ATP were 
from Boehringer (Mannheim, Germany) and carboxya- 
tractyloside was from Sigma (St. Louis, MO, USA). [8- 
14C]ADP was obtained from Amersham (UK). 
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3. Results 
Fig. 1 shows that a single addition of Ca 2+ in the 
amount of 50 nmol /mg protein substantially decreases the 
rates of both ADP phosphorylation and ATP hydrolysis by 
Ehrlich ascites tumour mitochondria (compare the rates of 
H + release and uptake in traces A and B). Fig. 2 shows the 
dependence of both rates on the concentration of Ca e+ 
added. It is evident that (i) both rates are similarly sup- 
pressed and (ii) 50% inhibition is obtained at about 25 /xM 
Ca 2+ corresponding to 30 nmol Ca2+/mg mitochondrial 
protein. Since Ca 2+ used in these experiments is rapidly 
taken up by mitochondria [8], its amount is expressed here 
as nmol per mg mitochondrial protein rather than in con- 
centration units. 
The effect of Ca 2+ on ADP translocation in Ehrlich 
ascites tumour mitochondria is shown in Fig. 3. It is 
evident that Ca: + decreases both the initial rate of  translo- 
cation and the final amount of ADP taken up (Fig. 3A). 
The inhibition is due to Ca 2+ accumulation inside mito- 
chondria and not to its presence in the medium, since no 
effect of Ca 2+ can be observed in the presence of an 
uncoupler (Fig. 3B), i.e., when Ca 2÷ accumulation is 
prevented. 
To el iminate the effect on ATP transport, Ca 2÷ effect 
on F1Fo-ATPase was studied in toluene-permeabi l ized 
mitochondria. Fig. 4 clearly shows that the inhibition by 
Ca 2+ also occurs in permeabi l ized mitochondria, reaching 
its 50% value at 30 -50 /zM Ca 2+. However,  in contrast o 
intact mitochondria (see Fig. 2), the inhibition does not 
approach completion at high Ca 2÷ concentrations. 
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Fig. 1. Effect of Ca 2+ on ADP phosphorylation and ATP hydrolysis in 
Ehrlich ascites tumour mitochondria. The incubation medium contained 
I00 mM KC1, 3 mM Pi, 5 mM succinate, 2 mM Tris-HCl (pH 7.5) and 
mitochondria corresponding to 0.8 mg protein/ml. The incubation 
medium in trace A also contained 0.5 mM EGTA. The total volume was 
2.0 ml; temperature, 25"C. The additions, where indicated, were: 40 /xM 
CaC12 (50 nmol/mg protein), 0.1 mM ADP, 0.5 mM ATP, 2/xM CCCP. 
Numbers at the traces indicate the rate of H + (in nmol/min per mg 
protein) taken up (downward eflection) or liberated (upward deflection). 
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Fig. 2. Dependence of the rates of ADP phosphorylation and ATP 
hydrolysis in Ehrlich ascites tumour mitochondria on Ca 2÷ concentra- 
tion. The incubation medium was as in Fig. 1. The reactions were 
followed by measuring the uptake or the release of H + during ADP 
phosphorylation (0)  or ATP hydrolysis (O), respectively. Results of a 
single representative experiment are shown. The inset shows the effect of 
Ca 2+ on ATPase activity measured in the ATP-regenerating system. The 
medium contained 100 mM KCI, 1 mM MgC12, 4 mM Pi, 5 mM Hepes 
(pH 7.4), 2 mM cyanide, 1.5 mM phosphoenolpyruvate, 0.3 mM NADH, 
20 /*g pyruvate kinase, 30 /zg lactate dehydrogenase and mitochondria 
corresponding to about 1 mg/ml. The total volume was 3.0 ml. The 
reaction was started by addition of 2 mM ATP (final concentration). 
Mean values for three experiments +S.D. are presented. 
Fig. 4 (inset) also shows that the inhibition of F1F o- 
ATPase produced by Ca 2+ in permeabilized mitochondria 
can be almost fully prevented by Mn 2÷. 
To check the possibility that Ca 2 + inhibits F 1Fo-ATPase 
by acting through the inhibitory subunit (the Pullman- 
Monroy inhibitor [23]), its effect on inside-out submito- 
chondrial particles was examined. Because of the well 
known low tissue and species pecificity of this inhibitory 
protein [30,31], these experiments could be carried out 
with the inhibitor isolated on a large scale from beef heart 
100 
so 
a 
,! 
A 1oo 
~ 5o 
B 
Y 
06 3'o ' ' 6b  % ' ' 3o  ' ' ~o 
Time (s) Time (s) 
Fig. 3. Effect of Ca 2+ on [14C]ADP translocation i  Ehrlich ascites 
tumour mitochondria. In (A), the medium contained: 0.5 mM EGTA ( • ), 
cae+-EGTA buffer corresponding to0.5 ~M free Ca 2+ (O), and single 
addition of 50 /zM Ca 2÷ (0); in (B), the medium contained 1 k~M 
CCCP and either 0.5 mM EGTA (• )  or 50 /xM CaCI 2 (0). 100% 
translocation corresponds to the amount of [14C]ADP found in mito- 
chondria fter 3 min incubation in the absence of Ca 2÷. 
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Fig. 4. Effect of Ca 2+ on ATPase activity in toluene-permeabilized 
Ehrlich ascites tumour mitochondria. Incubation conditions were as in the 
inset to Fig. 2. The inset shows the protective ffect of Mn 2+ in the 
presence of 65 /zM Ca 2+. 
mitochondria. As shown in Fig. 5A, ATPase activity in 
untreated particles was strongly inhibited in the presence 
of Ca 2÷, 50% inhibition being obtained at about 10 /xM 
Ca 2÷. In contrast o this, ATPase in particles depleted of 
the inhibitory subunit by treatment at high pH and high 
ionic strength was insensitive to Ca 2+ up to 100 /zM. 
However, the sensitivity to Ca 2+ was restored when the 
particles were reconstituted with the inhibitory subunit 
isolated from beef heart mitochondria. A similar experi- 
ment carried out with rat liver submitochondrial particles 
showed that their ATPase was much less sensitive to Ca 2+, 
even after reconstitution of the particles with the inhibitory 
subunit. In that case, 10/zM Ca 2÷ was practically ineffec- 
tive, and 30% inhibition was achieved only at 30-50 /xM 
Ca 2÷ (Fig. 5B). The potentiating effect of Ca 2÷ on the 
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Fig. 5. Effect of Ca 2+ on ATPase activity in submitochondrial particles 
from Ehrlich ascites tumour (A) and rat liver (B) mitochondria. ATPase 
was measured spectrophotometrically in the ATP-regenerating system as 
described in the legend to Fig. 2 inset. The ATPase activity in the 
nominal absence of Ca 2+ (in the presence of 1 mM EGTA) was taken as 
100% and amounted (in nmol/min per mg protein): for Ehrlich ascites 
tumour submitochondrial particles (panel A) to 76 in untreated particles 
(z~), 59 in inhibitor-depleted particles (©) and 39 in inhibitor-supple- 
mented particles (O), and for rat liver submitochondrial particles (panel 
B) to 81 in inhibitor-depleted particles (O)  and 47 in inhibitor-supple- 
mented particles (O); the amount of particles corresponded to about 0.2 
mg protein/ml. 
association of the inhibitory subunit with Ehrlich ascites 
tumour submitochondrial particles was prevented by mil- 
limolar Mn 2÷ (not shown), which is in agreement with the 
protective ffect of Mn 2+ in toluene-permeabilized mito- 
chondria (Fig. 4 inset). 
4. Discuss ion 
Calcium ions, when accumulated in mitochondria, are 
known to interfere in two main reactions of energy cou- 
pling, the ATP/ADP translocation [26,32,33] and func- 
tioning of F] Fo-ATPase/ATP synthase [34,35]. The inhibi- 
tion of oxidative phosphorylation has been observed in 
mitochondria from both normal [26,32,35-40] and malig- 
nant [12,15,41] tissues. However, in most normal tissues 
excessive accumulation of Ca 2÷ leads to an increase in 
unspecific permeability of the inner mitochondrial mem- 
brane known as the permeability transition [14], whereas 
mitochondria from several tumours can accumulate large 
quantities of Ca 2+ without producing such changes [9-13]. 
Interestingly, brain mitochondria [39] exhibit in this re- 
spect somewhat similar properties as tumour mitochondria. 
As discussed previously [8], inhibition by Ca 2÷ of State 
4 to State 3 transition, of ATP synthesis and ATP hydroly- 
sis, and the inability of ADP to decrease the membrane 
potential in Ehrlich ascites tumour mitochondria can result 
from inhibition of ATP/ADP translocation or of the F 1F o 
complex. The present investigation shows that a diminu- 
tion of ADP translocation resulting from accumulation of 
Ca 2÷ does indeed occur in Ehrlich ascites mitochondria. 
This is compatible with the results of Thorne and Bygrave 
[11] with Ehrlich ascites tumour mitochondria nd in 
agreement with the observations of G6mez-Puyou et al. 
[33] and ours (unpublished) on liver mitochondria. We 
have observed (Fig. 3A) that not only the initial rate of 
ADP translocation but also the final level of the exchange- 
able adenine nucleotides are diminished by Ca 2÷. More- 
over, Ca 2÷ was effective only when accumulated inside 
mitochondria. This provides an argument that Ca 2÷ may 
decrease adenine nucleotide translocation by diminishing 
the pool of exchangeable nucleotides rather than by in- 
hibiting the translocase as such. Such effect of accumu- 
lated Ca 2÷ has already been described for liver [32,33] and 
heart [42] mitochondria. A positive correlation between 
mitochondrial calcium content and the rate of adenine 
nucleotide translocation has also been observed by Chan 
and Barbour [43] in different lines of hepatoma nd normal 
liver. 
Apart from this effect, the present study clearly shows 
that Ca 2 ÷ also exerts a strong inhibitory action on the F 1F o 
complex. This is demonstrated by inhibition of the ATPase 
activity in toluene-permeabilized mitochondria (Fig. 4) 
where translocase is no longer the rate-limiting factor. 
Inhibition by Ca 2÷ of ATP synthesis in bovine heart 
submitochondrial particles has been recently shown by 
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Vercesi et al. [44] to be due to competition between 
CaADP and MgADP for the catalytic site of the F1F o 
complex. In our search for the mechanism of this inhibi- 
tion in Ehrlich ascites tumour mitochondria, we have 
demonstrated that it is most likely caused by an increased 
association of the inhibitory subunit with the F1F o com- 
plex. The Pullman-Monroy inhibitory subunit, first discov- 
ered as an inhibitor of mitochondrial ATPase [23], also 
regulates the rate of ATP synthesis [45-47]. This makes it 
a likely target for Ca 2÷ in Ehrlich ascites tumour mito- 
chondria where both ATP hydrolysis and ATP synthesis 
are inhibited by this ion (Ref. [8] and the present results). 
There is a large body of evidence (reviewed in Ref. 
[48]) indicating that, under specific conditions, the in- 
hibitory subunit can be associated with the mitochondrial 
membrane without exerting its inhibitory effect. The latter 
could be promoted by micromolar concentrations of Ca 2-- 
[49], and it has been suggested [50] that this effect of Ca 2÷ 
may be more pronounced in mitochondria from tumour 
and brain than from liver. Potentiation by Ca 2÷ of the 
effect of the inhibitory subunit on soluble F1-ATPase from 
beef heart mitochondria was demonstrated by Tuena de 
G6mez-Puyou et al. [34]. Mn e÷ has been shown to prevent 
the inhibitory effect of Ca 2 ÷ on the coupled respiration in 
brain mitochondria nd it has been proposed that this 
effect may be due to counteraction by Mn 2÷ against the 
Ca2+-promoted association of the inhibitory subunit [35]. 
Rebinding of the inhibitor to depleted submitochondrial 
particles requires the presence of millimolar concentration 
of Mg 2÷ [24,27,51]. The latter ion can be substituted by 
Ca 2÷ [24]. However, the effect of Ca 2÷ described in the 
present study was specific, as it was exerted at micromolar 
concentrations and in the presence of millimolar Mg 2÷. 
This fact also makes it unlikely that the inhibition in 
Ehrlich ascites tumour mitochondria is due to competition 
between magnesium and calcium complexes of ATP or 
ADP, as proposed by Vercesi et al. [44] for beef heart 
mitochondria. 
In conclusion, from the present findings, together with 
our previous observations [6-8], we may propose the 
following sequence of events explaining the Crabtree ef- 
fect: 
(1) Glucose (or deoxyglucose) increases cytoplasmic on- 
centration of free Ca 2÷ [6,7]. 
(2) Increase of cytoplasmic [Ca 2+ ] results in increased 
accumulation of Ca 2 ÷ by mitochondria [8]. 
(3) Intramitochondrially accumulated Ca 2÷ increases as- 
sociation of the inhibitory subunit with FlU o (present 
observations). 
(4) This results in a decrease of the rate of coupled 
respiration. 
Although these steps seem to be well documented, two 
points are unclear so far: (i) the mechanism by which 
glucose and deoxyglucose elicit an increase of cytoplasmic 
concentration of free Ca 2+ in Ehrlich ascites tumour cells 
(step 1), and (ii) the reason why association of the in- 
hibitory subunit of mitochondrial ATPase with the F1F o 
complex (step 3) is far more sensitive to Ca 2÷ in tumour 
mitochondria than in mitochondria from most normal tis- 
sues. One explanation may be a higher content of the 
inhibitory protein in mitochondria from some tumours than 
in normal tissues [52] or a higher amount in several 
tumours of acidic phospholipids [53], resulting in excessive 
binding of Ca 2÷ to the mitochondrial membranes. In fact, 
we have previously observed that Ca 2÷ ions taken up by 
Ehrlich ascites tumour mitochondria re predominantly 
associated with the membranes [54], whereas in liver mito- 
chondria calcium is stored mostly in the matrix. 
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